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Abstract
Climate change projections have identified the Yucatan Peninsula as being
vulnerable to increasing drought. Understanding spatial and temporal precipi-
tation variability and drought occurrence are therefore important. Drought
monitoring in Mexico has been carried out only relatively recently and often
without considering the long-term variability in both droughts and precipita-
tion. This research explores the spatio-temporal variability of precipitation and
occurrence of droughts at a much finer spatial resolution and over a longer
temporal period than previous studies. Using statistical (cluster analysis and
standardized precipitation index) and geostatistical (kriging) techniques, maps
of precipitation and droughts are generated for the period 1980–2011. These
show that whilst many previous studies have regarded the Yucatan Peninsula
as a homogenous region with respect to precipitation, there are actually four
distinctive clusters of precipitation amount, showing climatic variability across
the Peninsula. The analyses also show that droughts in the Peninsula are
regionalised. Twelve-month Standardized Precipitation Indices (SPI), calcu-
lated for individual stations and for precipitation surfaces, reveal distinct pat-
terns of spatial and temporal variability. SPI surfaces indicate the occurrence
of major droughts in 1981, 1986–1987, 1994, 1996, 2003, 2004 and 2009, but
these rarely affect the whole Yucatan Peninsula uniformly. Wetter years, such
as 1983, 1984, 1988, 1992, 1995, 2002 and 2005 sometimes reflect the impact of
individual extreme events, such as hurricane Isidore in 2002. Our results show
that drought can be regionalised, thus enhancing the quality of information
about droughts in the area and providing evidence and support for future
drought mitigation and environmental protection. These methods could use-
fully be applied elsewhere.
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1 | INTRODUCTION
The most widely accepted climate change models indicate
that subtropical and some tropical latitudes will experi-
ence a decrease in mean annual rainfall. In addition,
extreme meteorological events (e.g., drought periods)
are predicted to increase in frequency and intensity
(Nicholls et al., 2012; IPCC, 2013). Mexico, and in particu-
lar the Yucatan Peninsula, and Central America have
been identified as areas that are particularly vulnerable to
adverse climate change consequences (Orellana et al.,
2009; Christensen et al., 2013). Projections suggest that
precipitation will decrease and temperatures increase
between 2 and 4C by the end of the century (Magaña
and Caetano, 2007; Magaña et al., 2012; IPCC, 2013;
Montero-Martínez et al., 2013). A recent assessment of
CMIP5 models (Colorado-Ruiz et al., 2018), whilst con-
firming the broad patterns from CMIP3 models, has
highlighted differences between northern and southern
Mexico, with the largest decreases in summer rainfall
(13%) likely to occur in southern Mexico, Central Amer-
ica and the Caribbean. Thus, it is valuable to create
regional precipitation maps for areas, such as the Yucatan
Peninsula, where recent climate variability and climate
change projections are seen to be quite extreme.
Climate change effects and the increase in extreme
weather events, combined with a growing population are
likely to have adverse effects on society and ecosystems
(Imbach et al., 2012; Meyer and Jin, 2017; Schneider and
Haller, 2017). The economic costs of extreme hydromete-
orological events in Mexico have already increased from
an annual average of $730 million pesos in the period
1980–1999 to $21,950 million for the period 2000–2012
(Diario Oficial de la Federación (DOF), 2013), due to
both higher frequencies of these events and an increase
of exposure (e.g., growing population). These changes are
of great importance in emerging market economies
where the economy and livelihoods depend to a signifi-
cant extent directly on rainfall. Improved understanding
of spatio-temporal variability in precipitation and in
extreme meteorological events such as droughts, provides
a vital basis for assessing the potential expression of
future climate changes.
To understand temporal and spatial precipitation pat-
terns, it is crucial to gather long-term, uninterrupted and
spatially continuous precipitation data (Easterling, 2013);
unfortunately, throughout Mexican history the collection
of meteorological data has started and stopped as a result
of political and economic problems in the country
(CONAGUA, 2012). In the 1990s, however, climatological
and precipitation maps for the whole of Mexico were
developed for the National Atlas of Mexico (1990–1992)
and by García (1998). These maps have been used as a
baseline for many climatological and biodiversity studies
(Arriaga et al., 2004; Plasencia-Vázquez et al., 2014;
Ayram et al., 2017; Suárez-Mota et al., 2017). Recently,
Cuervo-Robayo et al. (2014) created a long-term annual
precipitation map for the period 1910–2009 using ANU-
SPLIN as an interpolation methodology. Even though the
latter is relatively up to date (2009), mapping the whole
country over a period of 90 years is challenging because of
the limited number and distribution of rainfall gauges. At
a regional level, these national maps can lose some of the
finer detail that may help to understand more accurately
how climatic variability is expressed. Analyses at scales
suitable for regional studies are important since certain
regions have particular vulnerabilities and geographies.
The Yucatan Peninsula of Mexico (Figure 1) is an
area that has seen quite rapid population growth since
the 1950s, with an annual growth rate of almost 4% from
1970 to 1995 (Eastmond et al., 2000) and 2.9% from 1990
to 2015 (INEGI, 2018). Although Yucatan is the state
with the largest population, the most rapid population
growth has been occurring in Quintana Roo, especially
since 1980. The Yucatan Peninsula has a population of
approximately 4.7 million people and has a high propor-
tion of indigenous people (46.9%), 43% in Campeche, 29%
in Quintana Roo and 42% in Yucatan (CONEVAL, 2016);
72% are considered impoverished. These people are more
vulnerable to a lack of precipitation because of their
direct reliance on precipitation both for water supply and
to support rain-fed agriculture. Rain-fed agriculture in
this part of Mexico is one of the main economic activities
and is closely linked to the rainfall patterns (dry-wet sea-
sons) in the Peninsula (Ewell, 1984). Thus, changes in
precipitation and in particular an increase in droughts
would have important consequences for crop production
(either subsistence or commercial) and therefore major
implications for food security in the region (Estrada-
Medina et al., 2016). Droughts have long been a major
concern in this area. The debate about the role of drought
in the “collapse” of the Classic Maya culture about
900 CE has attracted attention for many years (Curtis
et al., 1996; Evans et al., 2018).
A closer look at the literature on precipitation patterns
in the Yucatan Peninsula reveals a number of gaps and
shortcomings. In previous studies, precipitation in the
peninsula has generally been analysed in the context of
the whole country, or has sometimes been completely
excluded from the country-wide analyses (Englehart and
Douglas, 2002; Aguilar et al., 2005; Bhattacharya and
Chiang, 2014). In regionalizations based on precipitation,
the Yucatan Peninsula is usually identified as a single
unit, or linked to southern Mexico (Bravo Cabrera et al.,
2012). For instance, the Mexican drought monitoring pro-
gramme (Programa Nacional contra la sequía) uses few
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stations in the YP, almost all of them concentrated in
Yucatan and Quintana Roo without almost none in Cam-
peche. Thus, it is not surprising that the YP is recognized
as a single unit (Lobato-Sánchez, 2016). Orellana et al.
(2003) did map precipitation anomalies across the penin-
sula across two decades (1961–1970 to 1981–1990) noting
a general trend to drier conditions over that period, but
without any detailed spatial or temporal analysis. It is also
significant that, as noted by Méndez and Magaña (2010),
there is a “seesaw” structure in precipitation anomalies in
Mexico and frequently, the Yucatan Peninsula does not
experience droughts at the same time as the rest of the
country (Núñez et al., 2011; Fernández-Eguiarte et al.,
2018). This north–south dipole appears to have persisted
over a range of timescales (Seager et al., 2009). There is
also some evidence of an uneven spatial distribution of
droughts within the Yucatan Peninsula itself, both today
(Márdero et al., 2018) and in the past (Mendoza et al.,
2006), but there has been little work to explore the spatio-
temporal patterns of droughts in the Yucatan Peninsula
area specifically. This article aims to help fill this gap by
studying spatio-temporal variability of precipitation and
the occurrence of meteorological droughts during the
period 1980–2011 in the Yucatan Peninsula, Mexico.
2 | MATERIAL AND METHODS
2.1 | Study area
The Yucatan Peninsula is located in southeast Mexico
between 17360N to 21360N latitude and 86430W to
92260W longitude (Figure 1) dividing the Gulf of Mexico
from the Caribbean Sea. This region comprises the Mexi-
can states of Campeche, Yucatan and Quintana Roo,
together with Belize and northern Guatemala. For this
article, only the Mexican part of the peninsula is the
focus. The Yucatan Peninsula, as it is now configured,
arises from the Chicxulub impact (ca. 65 million years
ago) and the emergence of the peninsula during the
Eocene and Miocene (Vázquez-Domínguez and Arita,
2010). It is a unique and complex area due to the geomor-
phological, hydrological and edaphic features that have
helped develop this region and its biota (Wilson, 1980).
FIGURE 1 Location of the Yucatan Peninsula (21–17N; 91–87W) with the political divisions which includes the states of Yucatan,
Campeche and Quintana Roo (Mexico) and the two adjacent countries (Guatemala and Belize). Red borders show the Natural Protected
Areas within the Mexican Yucatan Peninsula. Locations of individual meteorological stations are shown in Figure 2 [Colour figure can be
viewed at wileyonlinelibrary.com]
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The latitude of the Yucatan Peninsula, high insolation
and its low elevation, gives rise to a truly tropical climate,
with much of the peninsula falling into the Aw (warm
subhumid) category of the Köppen classification, which is
widely used in Mexico (García and García, 1973; Orellana
et al., 2003; Márdero et al., 2012). In common with most
of Mexico, it receives the majority of its rainfall in sum-
mer, here associated with the seasonal northerly location
of the ITCZ, strengthening of the NE Trade winds and
associated easterly waves, and strong convection over the
western hemisphere warm pool (Amador et al., 2006;
Curtis, 2013). Warm sea surface temperatures in the
Atlantic warm pool in the Gulf of Mexico/Caribbean also
give rise to tropical cyclones (including hurricanes) in the
late summer, that can bring significant amounts of precip-
itation (Boose et al., 2003). In contrast, the winter is rela-
tively dry as the subtropical Bermuda high expands
southward and the ITCZ is displaced southwards,
although cold fronts (nortes) originating over Canada do
bring some winter and early spring precipitation following
their transit over the relatively warm waters of the Gulf of
Mexico. There is a clear gradient of precipitation across
the Yucatan Peninsula, with a minimum in the NW
(300 mm), increasing towards the SE (1,800 mm).
Interannual variability in climate across the Yucatan
Peninsula is defined by precipitation, not temperature
(which varies more diurnally than annually, annual aver-
age 26C). The impact of the mid-summer drought
(a period of reduced precipitation within the main summer
rainy season) appears to be modest in this part of Mexico
(Magaña et al., 1999; Perdigón-Morales et al., 2018). Over-
all, the precipitation climate of the Yucatan Peninsula can
appear quite distinctive from the rest of Mexico and does
not easily fit in with the main regional clusters identified
from analyses of meteorological records (Englehart and
Douglas, 2002; Méndez and Magaña, 2010).
2.2 | Dataset
The Yucatan Peninsula has a total of 229 meteorological
stations (during the period 1921–2015): 89 in the State of
Yucatan, 59 in Quintana Roo and 81 in Campeche. Daily
precipitation data for these stations were obtained from
Mexico's National Meteorological Service (Servicio Meteor-
ológico Nacional) for the period 1980–2011 inclusive. This
time period was based on the data available at the time of
this study for the area, no data for the Yucatan Peninsula
as a whole were available after 2011 and in order to com-
pile 30 years as proposed by the World Meteorological
Organization (WMO), the time period started at 1980.
Updated meteorological data are now available at https://
smn.conagua.gob.mx/es/component/content/article?id=42.
Data preparation was not trivial due to the lack of
uniform data—not all the rainfall records were complete
and the data needed to be checked and cleaned prior to
use—this was undertaken on the daily precipitation data
for all 229 stations. The criteria for this process were
FIGURE 2 (a) Long-term daily precipitation average (1980–2011) map resulted from Kriging analysis; (b) spatial distribution of the
clusters (A–E) resulting from the hierarchical cluster analysis on a map that represents the annual precipitation totals across the Yucatan
Peninsula [Colour figure can be viewed at wileyonlinelibrary.com]
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based on (a) the length of rainfall records and (b) the per-
centage of data for each station in the period from 1980
to 2011. According to WMO guidelines (WMO, 2017), a
station was not considered if observations are missing for
11 or more days during a month or if observations were
missing for a period of 5 or more consecutive days during
the month. Following these guidelines, in this article a
station was identified as “complete” when it had at least
70% (21 days in a month) of data. As a result of this pro-
cess, 98 stations across the Yucatan Peninsula were
included in the final analysis (see Figure 2b below).
Monthly average precipitation time series were created
from daily precipitation data following the same rule but
on a monthly basis; this meant that a complete month
must have had at least 70% data capture; the same proce-
dure was applied for annual cumulative precipitation.
2.3 | Methods
2.3.1 | Spatio-temporal rainfall patterns
To understand the spatial regionalization of precipitation,
and then its spatio-temporal patterns, a spatial interpola-
tion of the station data was carried out using kriging, a
geostatistical method that allows us to calculate the most
probable value (precipitation in this case) in places where
we do not have information and hence create a surface of
precipitation (Goovaerts, 1997; Borrough and McDonnell,
1998). Kriging was used since it has been shown to pro-
vide reliable estimates of climatological variables and it
performs best when it is used across homogeneous topo-
graphic surfaces (Marquínez et al., 2003), which is the
case for the Yucatan Peninsula; a predominantly flat area
so that orographic effects are not likely to be significant. A
long-term (30 year) annual average precipitation map was
generated by kriging interpolation to provide a bench-
mark, then yearly maps using daily precipitation were cre-
ated at 1.5 km spatial resolution for the same time period
(1980–2011). The numbers of stations included in the
analysis for each year are given in Table S1. Afterwards,
kriging validation was performed using linear regressions
between the krigged maps and remotely sensed data from
The tropical rainfall measuring mission (TRMM) data
(3B42 product). The 3B42 V7 product provides daily pre-
cipitation data from the very end of 1997 to the present at
0.25 x 0.25 latitude-longitude (30 m) spatial resolution
(Huffman and Bolvin, 2013) and covers the YP. Due to the
different spatial resolutions of the TRMM data and our
krigged maps, it was necessary to resample and create
reduced resolution krigged maps. These maps were
converted into ASCII format to be compared with those
from TRMM. Several studies have focused on
understanding the performance of TRMM products
(Kirstetter et al. 2013; Melo et al. 2015) and even with its
limitations, it has been considered a good estimator espe-
cially in areas of low relief. We used the independent
TRMM data for validation instead of doing cross-
validation to make the most of the already rather limited
data available for the YP.
2.3.2 | Regionalization by cluster
analysis
A hierarchical cluster analysis was performed for the
98 stations across the Yucatan Peninsula that met the
criteria for inclusion. Cluster analysis is an agglomerative
multivariate statistical technique which repeatedly clas-
sifies datasets and/or reduces large amounts of data into
subgroups or clusters creating a dendrogram where the
different possible groups are visible and easy to manage
(Olson, 1995; Bravo Cabrera et al., 2012). This methodol-
ogy does not need previous knowledge about the groups.
We hypothesized that if a gradient of precipitation exists
in the Yucatan Peninsula, differentiated clusters follow-
ing this north–south, east–west precipitation gradient
would arise from the analysis.
First of all, a dissimilarity matrix was created; then,
each station was assigned to its own cluster, and next,
based on the distance matrix, the two most similar objects
were joined and this operation was repeated until a single
cluster was created, including all objects (Murtagh and
Legendre, 2011). Within this technique, there are differ-
ent methods such as single linkage, complete linkage,
average linkage, centroid method and Ward's method. In
this case, since the dataset contained a large number of
missing records, the complete linkage method was
selected since it allows for missing data in the analysis.
Concurrently, the distance matrix could be calculated by
different methods, in this case we used the Euclidian dis-
tance, which is the arithmetic difference between two
precipitation values. This method is the most straightfor-
ward and accepted to compute distances and it is useful
to handle raw data (Murtagh and Legendre, 2011).
One of the advantages of using hierarchical clustering
is that the number of clusters is defined by the user, the
clusters' characteristics need to be analysed at every step
and a decision made about when the number of clusters
has an interpretable solution and homogenous groups. In
order to assess the clusters quality (significance test), a
silhouette width method was computed. This is a graphi-
cal display to help the cluster analysis interpretation and
its goal is to show which objects fit strongly within their
cluster, and which objects could belong to either one or
other cluster (Rousseeuw, 1987).
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2.3.3 | Monthly precipitation in clusters
In order to have a better understanding of the trends in
precipitation across the Yucatan Peninsula, a monthly
and yearly analysis of the clusters was carried out based
on the average data per month per cluster. Bar charts
were created to see the monthly distribution of precipita-
tion. Mann-Kendall trend and Sen's slope test were used
to see if any trend (positive or negative) in precipitation
was present. Afterwards, matrix plots were generated in
order to visualize and understand the seasonality for each
cluster. Matrices are a powerful way to represent the
amount of rain, and the dry/wet periods in a time series.
It is also possible to see single extreme events such as
hurricanes and they are good way to visualize the differ-
ences between clusters.
2.3.4 | Precipitation anomalies
Meteorological drought is defined by the magnitude
(in relation to a baseline or average) of the lack or
decrease of precipitation over a period of time
(e.g., weekly, monthly, seasonal or annual; Orville,
1990; Hayes et al., 2011). In this study, the SPI was used
in order to detect such meteorological droughts since
this index: (a) is accepted and recommended by the
WMO; (b) it uses a rolling mean in its calculation and
(c) is standardized, thus it controls for the different var-
iances. It is also the most common and widely used
index to monitor meteorological droughts. It was devel-
oped by Mckee et al. (1993) in order to determine, over
different time scales (1, 3 and 9 months, etc.), when
there is an abnormally dry period at a given time scale
selected by the user. SPI is based on probabilities tak-
ing the monthly precipitation data as the unique input.
The result of this index is a number for the given
period of time that goes from −2 to 2, where values
close to −2 are the periods when there is a water defi-
cit, whilst values above zero represent more rain than
the long term (the time scale given) precipitation.
According to Mckee et al. (1993) and as recommended
by the World Climate Programme (WCP) 30 years of
monthly precipitation data need to be analysed to cal-
culate the SPI.
In order to detect drought conditions in each cluster,
the SPI was calculated for each cluster for 1, 3, 6, 9 and
12 months with the programme available in the National
Drought Mitigation Center website (NDMC, 2015).
Yearly anomaly maps with SPI 12-months results were
created in order to be comparable with the
precipitation maps.
3 | RESULTS
3.1 | Spatio-temporal rainfall patterns
The long-term daily precipitation map (Figure 2a) shows
the precipitation variability across the Yucatan Peninsula,
with lowest values in the north and highest values in the
southwest and southeast of the peninsula consistent with
previous mapping exercises (e.g., Estrada-Medina et al.,
2016). Figure 2a also provides the point of comparison
with the precipitation surfaces shown in Figure 3.
FIGURE 3 Maps (1980–2011) resulting from Kriging analysis.
Each map represents the average daily precipitation for a given
year in millimetres across the Yucatan Peninsula. Highlighted
maps (1998–2011) were validated with TRMM data [Colour figure
can be viewed at wileyonlinelibrary.com]
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However, precipitation surfaces for each year for the
period 1980–2011 (Figure 3) show that there is also variabil-
ity in the pattern of precipitation across the Yucatan Penin-
sula between years. Although the broad N-S gradient is
consistent, the spatial distribution of rainfall changes year
by year. There are clearly some years (1981, 1986, 1987,
1994, 1996, 2003, 2004 and 2009) that are drier than others
and some (1983, 1984, 1988, 1992, 1995, 2002 and 2005)
that are wetter.
3.2 | Regionalization by cluster analysis
The hierarchical cluster analysis produced five clusters.
Cluster spatial distribution is shown in Figure 2b and, as
we hypothesised, the resulting groups follow the precipi-
tation gradient across the Yucatan Peninsula. The spatial
distribution shows that the clusters are spatially coher-
ent, and that the two clusters with the highest signifi-
cance values are those located in the north (E) and
southeast and southwest (D) of the peninsula. The north-
ern coast is dominated by one cluster (E) and as is shown
in Figure 2b, is the driest part of the Peninsula. The cen-
tral part of the Peninsula has three (A, B and C) fuzzy
and overlapping clusters; Clusters A and B have the larg-
est number of stations, whilst C is formed by only two
stations (with lots of missing data) and is the cluster with
the lowest value of significance. For this reason, from
now on, cluster C will not be discussed. The overlapping
clusters are in the most homogenous region in terms of
precipitation values (Figure 2b) and this might be the rea-
son why the clusters are similar. The locations with most
rainfall fall within Cluster D, located in the southeast
and southwest of the Yucatan Peninsula. Figure 4 shows
average daily precipitation per year for each cluster and
the variability within each cluster (standard deviation) is
shown in Figure S1. The wettest cluster (D) is represented
by the green line, where daily average precipitation
exceeds that in all other clusters. Most of the stations of
this cluster receive 1,200–1,800 mm precipitation per
year. The driest cluster (E) is represented by the yellow
line where most stations receive between 300 and
800 mm. The cluster analysis was useful to identify pat-
terns in the data and confirmed the previously identified
north–south rainfall gradient across the Yucatan Penin-
sula García, 1998). Other studies (Arbingast et al., 1975;
Bravo Cabrera et al., 2012) have placed the three states of
the peninsula within a single precipitation regime,
whereas the analysis here shows more climatic variation
across this area.
Mann Kendall trend and Sen's slope were computed
for each cluster and it is notable that only the wettest
(Cluster D) shows a significant negative trend
(Z score = −2.45) suggesting that in the southern part of
the Yucatan Peninsula precipitation has decreased over
the period 1980–2011. Clusters in the centre and north,
however, do not show any statistically significant trend,
indicating that precipitation in these clusters has been
relatively constant over this time period.
3.3 | Monthly precipitation in clusters
To represent and identifying seasonality (i.e., dry/wet
months) from the monthly precipitation data, as well as
to identify extreme events (i.e., abnormally dry or wet
months) in each cluster we plotted matrices (Figure 5) of
the monthly values for each year with the HydroTSM
package (Zambrano-Bigiarini, 2012). Colours in these
matrices represent the amount of rainfall in the given
month and year. These plots make it easy to compare
visually between months and years.
As might be expected all the matrices change colour
from the dry season (red) to the wet season (yellow–
blue), showing the basic seasonal pattern. Dry and wet
periods in winter and summer respectively are very clear.
The dry season is from November to May, when the rain-
fall starts increasing and the wet season is from June to
FIGURE 4 Cluster daily
precipitation average (in mm) from
1980 to 2011. Each line represent the
time series of each cluster. Orange
bars indicate the dry years and blue
bars the wet years for all clusters
[Colour figure can be viewed at
wileyonlinelibrary.com]
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October. February and March are the driest months,
whilst September is the wettest month across the Yucatan
Peninsula. Despite this dry season, it should be noted
that there are always rain events during the dry season
across the study area and most of these events are related
to cold fronts (nortes see above). In the same figure, there
is some evidence of the midsummer drought (known as
canicula) which occurs during July.
From these results, it is clear that the total amount of
rain varies between clusters. Cluster E is the driest and it
is marked by a predominance of red colour, whilst Clus-
ter D is the wettest and has most rainfall events even dur-
ing winter, in particular during November and
December. This latter cluster is located in the southern
part of the Yucatan Peninsula quite close to the wettest
area in the whole of Mexico (Esparza, 2014). The
importance of winter rain has been identified by Bravo
Cabrera et al. (2012) who linked the Yucatan Peninsula
with NW Mexico on this basis, even though the sources
of this rainfall are different.
High amounts of rainfall in a given year and month
can be seen in these matrices. The most extreme precipi-
tation events are represented by the blue squares. Hurri-
canes and tropical storms are important events that hit
the Yucatan Peninsula every year, mainly during
September and October. Tropical storm activity was iden-
tified by Englehart and Douglas (2002) as one reason
why meteorological sites in Yucatan and Campeche
formed a subregional cluster in the context of Mexico as
a whole. Some individual hurricanes can be identified in
the matrices, for example, the highest amount of rainfall
recorded for all clusters and almost for all individual sta-
tions was in September 2002, which was the month that
hurricane Isidore (Category III), hit the Mexican coast. It
resulted in a large amount of rainfall over 2 days and cau-
sed major social and economic impacts (the government
declared a disaster area). Similarly, in 1988, the clusters
show (Figures 4 and 5) an increase in rainfall amount
reflecting hurricane Gilbert (Category V) and in 1995
with tropical storm named Opal (September) and hurri-
cane Roxanne (October). There is little evidence in the
results of the impact of the Category 5 hurricane Dean
(2007), possibly because it weakened rapidly as it crossed
the southern part of the Yucatan Peninsula and brought
strong winds rather than high rainfall.
3.4 | Precipitation anomalies
3.4.1 | Drought detection in clusters
Results of SPI computations monthly, for each year, for
each cluster are shown in Figure 6. Years (from 1980 to
2011) are on the x-axis and the y-axis represents the time
scale (months). All clusters show a recurrence of
Peninsula-wide dry periods (red/orange colours) in 1981,
1986–1987, 1994 (see also Figure 4) and 2009 and some
wet years such as in 1983–1984 (blue/green colours).
It is worth noting that there are some years
(e.g., 1995, 1996 and 2004) when the dry and wet periods
are different between clusters and these differences are
also reflected in the drought maps (Figure 7) where just
certain areas of the Yucatan Peninsula were affected
either by droughts (1996 and 2004) or wet periods (1995).
Different values of SPI between years indicate the
spatial variability of droughts across the area. For exam-
ple, as mentioned above, 2004 presents different values
between clusters; in Cluster E (northern) conditions were
wetter, whereas clusters D, B (southern and central) and
FIGURE 5 Matrix plots of daily average precipitation by
month. x-axis represent the years (1980–2011) and y-axis are the
months. (a) Cluster E; (b) Cluster B; (c) Cluster A; (d) Cluster D
(from driest to wettest). Different colours represent the amount of
precipitation in mm [Colour figure can be viewed at
wileyonlinelibrary.com]
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to a lesser extent A(central) experienced dry conditions.
These findings are consistent with some patterns that can
be seen in Figure 3 where the northern part of the
Yucatan Peninsula seems to have normal conditions,
whilst the southern part is drier.
3.4.2 | Spatio-temporal drought patterns
SPI 12-month time scale surfaces were created using the
same technique as the precipitation dataset, showing
the spatial and temporal variability of drought events for
the period 1980–2011 (Figure 7).
Severe droughts occurred in 1981, 1986, 1987, 1994,
1996, 2004 and 2009. These findings are consistent with
those resulting from the cluster analysis (Figure 6) and
with the daily rainfall by cluster (Figure 4). The results
are also consistent with some droughts reported in the
literature. For instance, Giddings and Soto (2003)
reported 1986 and 1987 as dry years in the central and
north part of the study area, and Márdero et al. (2012)
reported 1986 and 1994 as the years with largest negative
anomalies during the period of 1953–2007; and 1987 with
weaker negative anomalies. Diaz-Esterban and Raga
(2018), focusing just on precipitation between May and
October, identify 1997, 2003–2004 and 2009 as dry years.
The drought analysis for 1982–2013 published by
FIGURE 6 Standardized Precipitation Index (SPI) computed
for each cluster at different time scales (1–12 months). Year from
1980 to 2011 on x-axis and y-axis represents the SPI time scale
(months) from SPI-1 to SPI-12 for each cluster. (a) Cluster E;
(b) Cluster B; (c) Cluster A; (d) Cluster D (from driest to wettest)
[Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 7 Maps showing the krigged annual SPI. Each map
represents each year from 1980 to 2011. The scale is based on the
North American Drought Monitor (NADM): (i) closer to −2: Low
precipitation over 12 months; (ii) approximately 0: Normal
precipitation over 12 months; (iii) closer to 2: Heavy precipitation
over 12 months [Colour figure can be viewed at
wileyonlinelibrary.com]
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CONAGUA (2014) shows that in the state of Yucatan the
driest year was 1986 (22% below average), whereas in
Campeche and Quintana Roo the driest year was 2009
(22.7 and 29.8% below average, respectively). These
results are consistent with those presented in Figure 7.
Wetter years (1983, 1984, 1988, 1992, 1995, 2002 and
2005) can be also identified in these maps. 1983 and 2005
were also identified as wetter than average years by Salas
et al. (2014) and Diaz-Esterban and Raga (2018), respec-
tively. Some extreme events are also reflected in these
results, for example, hurricane Isidore in 2002 (see
above).
CONAGUA through the Monitor de Sequías Multivari-
ado en México (MoSeMM) has created drought surfaces for
the whole Mexico (https://smn.cna.gob.mx/es/climatologia/
monitor-de-sequia/monitor-de-sequia-en-mexico). Their
methodology creates a multivariate drought index, using
SPI, humidity and runoff data from MERRA-2. The
results presented in our article are consistent with their
findings both spatially and temporally. The driest years
identified in our analysis (1986, 1987, 1994, 1996, 2004
and 2009) are also apparent in the CONAGUA results.
The CONAGUA drought record by municipality
(CONAGUA, 2018) also shows that all municipalities in
the Yucatan Peninsula experienced droughts dur-
ing 2009.
SPI kriging maps in combination with the analysis of
precipitation variability and the cluster analysis give
valuable information about the occurrence of droughts in
the Yucatan Peninsula and indicate how these methodol-
ogies can improve the detection and monitoring of
drought intensity and duration.
4 | DISCUSSION AND
CONCLUSIONS
This research is a contribution towards a better under-
standing of the spatial and temporal variability of precipi-
tation in the Yucatan Peninsula using rainfall records.
According to the IPCC (2013), Mexico is particularly vul-
nerable to climate change and both precipitation and
temperature are changing. Montero-Martínez et al.
(2013) found a general decrease in precipitation projec-
tions across Mexico for this century, although the analy-
sis of Colorado-Ruiz et al. (2018) indicates that there may
be more spatial variability than suggested by this earlier
study, with greater drying in the south. Together with the
socio-economic conditions in the Yucatan Peninsula, this
can have consequences for peoples' livelihoods and food
security.
Although a precipitation gradient across the Yucatan
Peninsula has been reported in the literature (García,
1998; Torrescano-Valle and Folan, 2015), we have
analysed more recent data at spatial and temporal resolu-
tions not previously seen. The combination of kriging
and cluster analysis offered a more complete insight into
precipitation variability. This is significant as regional
studies are necessary to understand climatic changes and
their impact on local scales. Despite the different amount
of rainfall every year, as well as the uneven spatial distri-
bution, only the south of the Yucatan Peninsula (Cluster
D) presented a long-term negative trend in annual pre-
cipitation. Other clusters showed no systematic trends
towards drier or wetter conditions during the period
1980–2011, at least in the overall total.
As described above, some years of distinct positive
precipitation anomalies are clearly associated with the
impacts of tropical cyclones crossing the peninsula. The
relationship between storm intensity and precipitation is
not straight forward however; storm Opal (1995) was
only a weak depression when it made landfall, but it
moved very slowly across the Yucatan Peninsula and pro-
duced prolonged rain, particularly in the SW (Campeche
and Tabasco). Just few weeks after Opal, hurricane
Roxanne struck the Yucatan Peninsula as Category
3, bringing large amounts of rain, for instance in Silvituc
(centre of Campeche) up to 676 mm of rain was recorded.
This is evident in the SPI map (Figure 7). Hurricane
Isidore (2002, Category 3) was unusual as it made landfall
on the north coast of the peninsula and then looped
south, before turning north again. It brought heavy rain
(>700 mm in places) across the north and centre of the
peninsula. The extreme nature of precipitation associated
with this event is apparent in both the matrix plots
(Figure 5) and its spatial extent in the SPI maps
(Figure 7). Category 5 Hurricane Gilbert (1988) crossed
the northern part of the Yucatan Peninsula bringing the
largest amounts of rain to the north coast (350 mm in the
port of Progreso). In addition, the SPI and kriging maps
show that 1984 was a particularly wet year, even though
no extreme events were reported. CONAGUA (2016,
2017) reported 1984 as the wettest year for the whole of
Mexico for the period from 1940 to 2016–2017.
With respect to the extremes of precipitation leading
to a drought, the precipitation data were used in two
ways to detect where and when droughts had occurred
across the Yucatan Peninsula, during the period
1980–2011. Maps of SPI and precipitation anomalies
showed that the years of 1981, 1986, 1987, 1994, 1996,
2003 and 2009 were those that could be described as hav-
ing had a drought. Márdero et al. (2012) analysed precipi-
tation in the southern part of the Yucatan Peninsula and
also found that 1986, 1987 and 1994 were years with neg-
ative rainfall anomalies. 2009 was one of the driest years
in the history of the Mexico (Esparza, 2014) and the
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second most damaging in terms of reported economic
losses (>US$150 million). This drought affected most of
Mexico, with Quintana Roo and Yucatan amongst the
worst affected states and has been attributed to the mod-
erate El Niño of 2009-10. The droughts identified here in
1986 and 1987 coincide with extended El Niño conditions
between 1986 and 1988. An analysis of historic droughts
in Southeastern Mexico by Mendoza et al. (2006) also
shows a periodicity consistent with ENSO (3–7 years).
The association of El Niño events with droughts in south-
ern Mexico (including the Yucatan Peninsula) has been
noted by Magaña et al. (2003) and Salas and Jones (2014),
even though such events may actually increase winter
(dry season) precipitation (Magaña et al., 2003; Salas
et al., 2014). Diaz-Esterban and Raga (2018) report that
El Niño events may increase the likelihood of weather
regimes that are associated with below average precipita-
tion across the Yucatan Peninsula and southern Mexico
(whilst noting that other weather regimes seem unaf-
fected by ENSO state). It is possible that positive SPI
values shown in 1983 and 1997 (see Figure 7) were at
least partly driven by the positive winter rainfall anoma-
lies associated with major El Niño of 1982–1983 and
1997–1998 reported by Salas et al. (2014). There is, how-
ever, some evidence for dry conditions in 1998 particu-
larly in the south and west of the peninsula (see
Figures 6 and 7). García and Matías (2002) report a major
drought across the Yucatan Peninsula in June 1998, with
the loss of 5,000 ha of maize and pasture. Unlike the
2009 drought, our annual analysis shows little evidence
of the 2011 Mexican drought which nationally was the
worst in more than 70 years, although the municipal
drought index (see above) does indicate that there were
some months of drought in all municipalities of the
Yucatan Peninsula during that year. The 2011 drought
mainly affected northern Mexico. This may reflect the
fact that 2011 saw the co-occurrence of strong La Niña
conditions and positive AMO (Atlantic Multidecadal
Oscillation), both of which tend to cause dry conditions
in northern Mexico and wet conditions in southern
Mexico and Central America (Méndez and Magaña,
2010), the dipole referred in Section 1.
Understanding precipitation variability is key in the
study of climate change, as well as the detection and
monitoring of droughts. The findings of this investigation
complement those of earlier studies and this research
provides a framework for the exploration of drought
occurrence spatially and temporally. Here, we have
focused on the Yucatan Peninsula, but this methodology
could usefully be applied elsewhere. Moreover, with cli-
mate change being linked to change in precipitation
(Villers-Ruiz and Trejo-Vázquez, 1997; Orellana et al.,
2009; IPCC, 2013), ongoing studies to understand the
patterns of precipitation are particularly important in
areas like the Yucatan Peninsula facing a combination of
climatic, social and economic problems such as poverty
and low levels of development. Droughts often occur at
different times in different parts of the Yucatan Penin-
sula, highlighting the importance of higher spatial resolu-
tion analyses for this area. This spatial variability also has
implications for the validity of climate projections
from standard grid-size global climate models which gen-
erally perform rather poorly for Mexico (e.g., Pascale
et al., 2018).
Our work has illustrated the spatial and temporal
complexity of precipitation and the distribution of
droughts across the Yucatan Peninsula, a complexity
that will probably continue into the future. Although
we have focused here on the importance of understand-
ing this variability in the context of recent and possible
future change, this approach also offers some intrigu-
ing possibilities in improving our understanding of past
climate-society interactions, here specifically associated
with the Terminal Classic dry period (ca. 900 CE) and
the associated widespread reorganization of Classic
Maya culture. It highlights the need for a well distrib-
uted and reliable network of meteorological stations
that can provide the long term, continuous records
required for this sort of analysis and to detect patterns
of change. As noted in Section 1, the history of the col-
lection of meteorological data across Mexico has been
problematic and our own study was hindered by the
fact that data for the period after 2011 were not readily
available for all states in our study region. Although
beyond the scope of this research, a detailed consider-
ation of the synoptic conditions, including the status of
features such as ENSO/PDO and NAO/AMO that gave
rise to the observed patterns would greatly enhance its
value in terms of contributing to improved understand-
ing of future climate scenarios. Diaz-Esterban and Raga
(2018) have explored some of these relationships for
the period 1997–2013, but taking the region as a whole.
Given the similarities between southern Mexico
(including the Yucatan Peninsula), Central America
and at least parts of the Caribbean in terms of their
responses to climatic forcings (e.g., Magaña et al., 1999)
our approach could usefully be extended to the wider
region, although the availability of meteorological
records would probably be a major constraint
(Stephenson et al., 2014) and the greater role of topog-
raphy taken into account. Within the Yucatan Penin-
sula itself, our results do allow a more detailed
assessment of the impacts of climatic variability over
the period 1980–2011 which will be explored in a future
paper. The complexity shown by this study could pro-
vide insights helpful to future drought mitigation (see
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Magana, 2016) and is also likely to be indicative of the
variability that will typify future climate change.
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